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INTRODUCTION
Production of significant amounts of renewable energy without harmful emissions is the prime target of many nations around the world (Musial & Ram, 2010) . The energy sector is very successful in tapping into onshore and offshore wind energy. However, the offshore wind industry will likely move further into deeper waters to capture strong wind resources and to minimise the visual impact of wind farms on coastal communities. The major challenges with moving into deeper waters are that conventional offshore foundations will become impractical and uneconomical because of the size required for resisting environmental forces and the energy required for installation. One possible alternative way of supporting wind farms would be to consider floating substructures anchored to the seafloor, which must provide enough buoyancy to support the weight of the turbine, and restrain from pitch, roll and heave motions within acceptable limits (Musial et al., 2006) .
Floating platforms have been successfully used by the oil and gas industry operating in deep waters. These platforms are secured to the seafloor through mooring systems. The mooring systems may be taut, semi-taut, or catenary and attached to a variety of different anchors including anchor piles, suction caissons, drag anchors, suction embedded plate anchors and dynamically penetrating anchors (Randolph & Gourvenec, 2011) . Plate type anchors provide an efficient means to resist vertical and inclined loading by providing much of the resistance in bearing rather than in side shear that might be the case, for example, in an anchor pile. Side shear resistance (i.e. friction) is not as efficient as bearing resistance, and can be prone to capacity and stiffness degradation from cyclic loading (e.g. Jardine et al., 2012) .
Novel dynamically penetrating plate anchor concepts for the offshore energy sector are already under development, such as the flying wing anchor and the deep-penetrating anchor (DPA) III (Chow et al., 2017) . In the first concept, a wing-shaped anchor is initially installed by free-fall penetration, and then, as it is loaded, it will rotate and dive into a position that is near normal to the anchor line. The second concept also uses free-fall penetration, but with an additional mass that is removed after it is embedded. The anchor is then used to resist lateral loads in a catenary mooring system. Novel dynamically penetrating anchors such as these will likely take on non-axisymmetric and non-planar shapes to obtain the desired hydrodynamic and embedment performance. In the case of a vertical or near-vertical mooring line, it will be necessary to predict the pull-out capacity of the anchor after it achieves its final embedment.
A review of the literature indicates that most of the studies on the pull-out capacity of horizontal plate anchors in sands have focused primarily on either circular or rectangular anchors. An early study by Ovesen (1981) suggested that circular and square anchors had comparable capacity. Subsequent studies (e.g. Murray & Geddes, 1987; Merifield et al., 2006) have found that circular anchors have approximately 30% higher capacity than square anchors. Other studies (e.g. Rowe & Davis, 1982; Sing & Ramaswamy, 2008) have shown that square anchors have higher capacities than rectangular anchors due to three-dimensional effects. The pull-out capacity of other atypical shapes is uncertain. As a starting point, the objective of this study was to investigate the pull-out capacity of shallow embedded triangleand kite-shaped anchors. Circular and square anchors are also investigated to provide a reference for comparison.
Anchor shape effects are investigated using a combination of physical and analytical modelling as described in subsequent sections.
PHYSICAL MODELLING
Twenty small-scale 1g physical model experiments were performed on circular, square, triangular and kite-shaped anchors in dry sand, representative of drained loading conditions. The focus was on 'shallow' anchors, having an embedment ratio (H/B) of less than or equal to 5, where H is the depth from the ground surface to the lowest point of the anchor and B is the diameter or minimum width of the anchor. The focus on shallow embedded anchors was justified based on free-fall penetration modelling studies of plate-like anchors in sand (e.g. Gerkus et al., 2016; Chow et al., 2017) .
Scale effects are important to consider in small-scale 1g models so that the results can be reliably interpreted. Bradshaw et al. (2016) showed that scale effects can be minimised in 1g plate anchor tests by scaling the constitutive behaviour of the soil and by presenting the pull-out capacity in a dimensionless form, commonly referred to as a break-out factor (Nγ = q u /γH), where q u is the ultimate bearing capacity and γ is the dry unit weight (or buoyant unit weight if saturated), and by scaling the constitutive behaviour of the soil. Soils exhibit higher resistance in small-scale 1g model tests due to higher dilation at low confining pressures. Bradshaw et al. (2016) concluded that the scaling of the constitutive behaviour will involve preparing the soil more loosely in the model than at full scale to obtain a similar dilation response. Consistent with centrifuge scaling laws presented in Garnier et al. (2007) , experiments were also designed such that the widths of the anchors were at least 48 times the median diameter (D 50 ) of the sand to ensure that there was a sufficient number of particles over the width of the plate.
A schematic representation of the anchor load test set-up is shown in Fig. 1 . The sand that was used in this study was obtained from a natural deposit in Westerly, Rhode Island (Bradshaw et al., 2015 and consisted of uniform quartz grains with the index properties given in Table 1 .
Pull-out tests were performed on circular, square, equilateral triangle-and kite-shaped plate anchors (Fig. 2) . The anchors were fabricated from 12·7 mm thick structural steel with the dimensions shown in Fig. 2 . Pull-out loads were applied vertically to the anchors by way of a 20 mm wide chain attached to a pad eye mounted at the centroid of the anchors. The anchors were 'wished' into place and tested in a rigid test chamber with the cross-sectional dimensions shown in Fig. 1 . The length of the test chamber was 2438 mm.
Sand was dry pluviated using a portable device adapted from Gade et al. (2013) . The pluviator consisted of a bucket attached to a flexible hose leading to a pipe containing a plate with holes and a stack of sieves . By varying the opening size, fall height of the sand and the number of sieves, the density of the sand was easily controlled. To measure the unit weight of the deposited soil during pluviation, sand was dispensed into small containers of a known volume that were placed on the soil surface at various depths. Fig. 3 shows a typical profile of dry unit weight and corresponding relative density index (I D ), defined as (e max À e)/(e max À e min ), where e max , e min are the maximum and minimum void ratios, and e is the void ratio of the prepared sample. As shown in the figure, the relative density index was fairly uniform along the depth of the sand deposit with a coefficient of variation less than 0·20.
The plate anchors were spaced at least 3B from the walls of the test chamber and the adjacent anchors to minimise interaction. Interaction effects on the pull-out capacity were investigated using a 304·8 mm and 152·4 mm square plate anchor placed at the same embedment ratios and different spacing from the adjacent walls of the test chamber. The larger anchor was placed a distance of approximately 1·5B, while the smaller anchor was placed at a distance of approximately 3B. Both anchors were tested in sand with similar GIAMPA, BRADSHAW, GERKUS, GILBERT, GAVIN AND SIVAKUMAR relative densities and were displaced at an identical strain rate. As discussed later, the break-out factors for both anchor tests were the same, suggesting minimal boundary and scale effects on capacity. The anchors were displaced vertically at a constant rate of 50 mm/s using an electric hoist, and a block and tackle system attached to the anchor chain through a load cell (Fig. 1) . The displacement rate was limited by the capabilities of the hoist and was higher than other similar studies. However, strain rate effects have been shown to be negligible on the strength of dry sand (e.g. Whitman & Healy, 1962; Bradshaw et al., 2016) . The weight of the anchor plate and chain was removed from the load cell measurements so as to obtain the soil resistance. As the soil above the anchor failed as a shallow 'block', the frictional resistance of the chain was not considered as part of the pull-out resistance. The pull-out displacement was measured with a string potentiometer (Measurement Specialties SP-50).
To account for the dilation at very low stress levels in the 1g physical models, the peak friction and dilation angles were estimated for each experiment using an empirical stress-dilatancy relationship proposed by Giampa & Bradshaw (2018) , which is a modification of the relationship by Bolton (1986) for very low confining pressures (i.e. ,10 kPa). The modified relationship is given by the following
where ϕ′ p is the peak friction angle; ϕ′ cs is the critical state friction angle; ψ p is the peak dilation angle; p′ f is the mean effective stress at failure; I R is the relative dilatancy index; and Q 1 , ΔQ, R, A f and β are soil-specific constants. Note that Q 1 is a value of Q at p′ f of 1 kPa. The modified relationship was calibrated for the test sand using a combination of tilt tests and triaxial tests (Giampa & Bradshaw, 2018) . The calibration parameters for the Westerly sand are shown in Table 2 . Two different relative densities of 23% and 55% were achieved in the test chamber. Although no specific prototype anchor was considered, the anchor test data would represent relative densities at the field scale that would be higher than in the models. For example, by equating the I R in the model and prototype , the relative density in a 2 m wide prototype anchor placed offshore would be approximately 26% higher than the relative density in the 1g models used in this study. Figure 4 plots the normalised bearing resistance (q/γH) against normalised embedment for the tests performed in the sand with a dry unit weight of approximately 14·9 kN/m 3 (I D $ 0·23). The peak friction angle was interpreted to be about 38°on average for these tests ( Table 3 ). Note that the peak value of each curve in Fig. 4 is equal to Nγ as summarised in Table 3 . As shown in Fig. 4 , the peak resistance increases both with initial embedment and relative density regardless of the shape. All of the experimental tests show a clear peak followed by a softening behaviour, owing largely to the reduction in overburden and confining pressure as the anchor is gradually pulled out of the soil. For anchor tests starting at H/B between 1 and 3, the peak resistance occurred at approximately 0·2B of displacement relative to the initial embedment depth. Slightly more displacement (approximately 0·5B) was required before reaching the peak resistance in the deeper anchors.
PHYSICAL MODELLING RESULTS
To validate the physical model results in this study, the break-out factors obtained for circular and square plate anchors are compared with data from the literature. There is an abundance of 1g model test data in the literature, mostly involving very small model anchors. As discussed by Bradshaw et al. (2016) , these data may be unreliable if scaling effects are not properly accounted for. The largest concern is that the reported friction angles may not be representative of the confining pressures in the 1g experiments, which could grossly underestimate the interpreted friction angle due to increased dilation at low confining pressures. Additionally, the laboratory data in these studies were generally insufficient to be able to extrapolate the Table 2 . Constants needed in the modified stress-dilatancy relationship that were determined for the sand used in this study
Parameter
Value
friction angle to the very low stress range. To avoid uncertainties with scale effects in the small-scale 1g test data from the literature, only centrifuge data were used for the comparisons, which included pull-out tests on circular plates in Ottawa sand (Tagaya et al., 1988) and square plates in Erith sand (Dickin, 1988) . Square  14·9  37·9  8·1  152  152  1·0  90  1·7  1·7  2  Square  14·9  37·6  7·7  152  305  2·0  255  2·4  2·6  3  Square  14·9  37·6  7·7  152  152  1·0  96  1·8  1·7  4  Square  14·9  37·2  7·1  152  457  3·0  706  4·5  3·7  5  Square  14·9  37·3  7·3  305  305  1·0  720  1·7  1·7  19  Square  14·7  36·5  6·0  152  762  5·0  1492  5·7  5·9  22  Square  16·1  43·0  15·6  152  152  1·0  125  2·2  1·9  15  Triangle  14·8  37·1  7·0  231  231  1·0  174  2·2  2·3  16  Triangle  14·8  36·9  6·6  231  462  2·0  687  4·3  3·9  17  Triangle  14·8  36·7  6·4  231  693  3·0  1384  5·8  5·8  20  Triangle  14·7  36·5  6·1  127  635  5·0  494  7·6  10·5  23  Triangle  16·1  42·1  14·2  231  462  2·0  1222  7·1  5·4  12  Kite  14·8  37·3  7·2  196  236  1·2  173  2·1  2·2  13  Kite  14·8  37·0  6·8  196  472  2·4  613  3·7  3·8  14  Kite  14·8  36·9  6·7  196  638  3·2  1355  6·1  5·2  18  Kite  14·7  36·5  6·1  127  635  5·0  498  6·6  9·0  21  Kite  16·1  42·0  14·1  196  472  2·4  1353  7·6  5·3  24  Circle  14·9  37·8  8·0  165  165  1·0  181  3·4  2·8  25  Circle  14·9  37·6  7·6  165  330  2·0  524  5·0  4·7  26  Circle  14·9  37·4  7·4  165  495  3·0  935  5·9  6·9 A comparison of the break-out factors is presented in Fig. 5 . As shown in the figure, the data calculated in the present study are consistent with other studies, showing an increase in break-out factor both with increasing H/B and friction angle. For the circular plates, the break-out factors from this study (Fig. 5(a) ) were slightly higher but also had higher friction angles than in Tagaya et al. (1988) . The test data on square plates were similar to those reported by Dickin (1988) that had comparable friction angles (Fig. 5(b) ). These results provide confidence that the 1g model test data collected in this study are reasonable.
The break-out factors calculated for each anchor test are plotted in Fig. 6 against embedment ratio. In general, the measured break-out factors for circular plates were up to two times higher than square plates, which had the lowest capacity of all the shapes tested in this study. This is in general agreement with the data reported by Murray & Geddes (1987) , Tagaya et al. (1988) and Merifield et al. (2006) . The capacity of the kite and equilateral triangle anchors was comparable with the square anchors at an embedment ratio of less than 2. For higher embedment ratios, the break-out factors of the kite and equilateral triangle anchors approached that of the circular plate.
To provide some insight on the failure mechanism, photographs were taken of the initial ground heave during pull-out. Fig. 7 shows the ground heave observed in anchors with H/B = 1. The ground surface heave was not as defined in the deeper anchors. Fig. 7 suggests that the failure surface extends to the ground surface confirming a 'shallow' failure mode. The surface impressions resemble the shapes of the anchors themselves but are curved at the corners. This is consistent with observations made by Rokonuzzaman & Sakai (2012) in both physical and numerical modelling results of shallow square plate anchors in sand.
ANALYTICAL MODELLING
Analytical modelling was also performed to assess the effects of anchor shape on capacity. Many of the available equations used to predict the pull-out capacity of plate anchors in sand are based solely on peak friction angle (Meyerhof & Adams, 1968; Vesic, 1971; Sarac, 1989; Ghaly & Hanna, 1994; Ilamparuthi et al., 2002; Merifield et al., 2006) . These solutions are either based on the principle of associated flow, where ψ p = ϕ′ p , or they inherently assume that the friction angle can uniquely capture the influence of dilation angle. Researchers including Davis (1968) , Drescher & Detournay (1993) , Loukidis et al. (2008) , White et al. (2008) , Krabbenhoft et al. (2012) , Sloan (2013) and Giampa et al. (2017) have shown that the assumption of associated flow does not reflect drained soil behaviour, and over-predicts EFFECT OF SHAPE ON PULL-OUT CAPACITY OF SHALLOW PLATE ANCHORS drained foundation capacity in soils. Therefore, dilation angle should be directly included in the analysis of pull-out capacity, particularly for shallow anchors where the failure surfaces extend towards the ground surface under relatively low effective confining pressures.
To account for the effects of soil dilation in the shallow horizontal plate uplift problem, White et al. (2008) proposed a non-associated flow limit equilibrium model for plane strain conditions. In their formulation, the slip planes extend upwards from the sides of the plate to the soil surface at an angle (relative to the vertical axis) that is equal to the dilation angle of the soil. Giampa et al. (2017) extended this approach to axisymmetric conditions (i.e. circular plates). The main difference between the plane strain and axisymmetric cases was the assumption of the normal stresses on the failure surface.
A generalised non-associated flow limit equilibrium model is proposed herein that, in concept, can be applied to any convex polygon. The approach is based on the computation of the components of resistance of a three-dimensional failure 'block'. Plane strain conditions are assumed on portions of the failure surface that are planar and axisymmetric conditions are assumed on the curved portions (Rokonuzzaman & Sakai, 2012) .
A conceptual illustration of the model assumptions is shown in Fig. 8 using the square anchor as an example. Along the sides of the anchor, the model assumes that the slip surface extends up as a plane that is inclined at the dilation angle of the soil (Fig. 8(b) ). At the corners, the slip surface is represented as partial cones also inclined at the dilation angle of the soil. For any convex polygon, the addition of the partial cones at the corners will form a complete cone. Therefore, the total pull-out load has three main components of resistance (Fig. 8(c) ) including: (a) the weight of the soil directly above the anchor; (b) the weight and shear resistance of a wedge on the sides of the anchor that has a length equal to the perimeter of the anchor; and (c) the weight and shear resistance of a complete cone.
The weight of soil directly above the anchor (W 1 ) is given by the following equation
where γ is equal to the dry (or buoyant) unit weight; H is the embedment depth of the anchor plate; and A is the area of the anchor plate. The weight of the wedges on the sides of the anchor (W 2 ) is obtained from the product of the unit weight and the volume
where p is the perimeter of the anchor plate. Consistently with White et al. (2008) the normal and shear stresses acting on the slip surface at any point are given by the following equations, which assume plane strain conditions
where σ is the normal stress on the slip plane; τ is the shear stress on the slip plane; z is the depth below the ground surface; and K 0 is the lateral earth pressure coefficient at rest. White et al. (2008) defined K 0 as 1 À sin ϕ′ cs , where ϕ′ cs is the critical state friction angle of the soil. The shear resistance of the wedge (F 2 ) is obtained by integrating both the normal and shear stresses along the surface and then taking the difference between the vertical force components
The weight of the cone (W 3 ) is obtained from the product of the unit weight and its volume
Consistent with Giampa et al. (2017) , the normal stress at any point on the slip surface of the cone is given by the following, which assumes axisymmetric conditions
The shear stress is defined by equation (7). A comparison of equation (10) with equation (6) indicates that, for normally consolidated soil, the axisymmetric assumption results in higher normal stresses on the slip surface in comparison to the plane strain assumption. The shear resistance of the cone (F 3 ) is obtained by integrating both the normal and shear stresses along the lateral surface of the cone and then taking the difference between the vertical force components
The total pull-out force is obtained by combining equations (4), (5), (8), (9) and (11). The following nondimensional break-out factor was derived by dividing the total pull-out force by γHA 
GIAMPA, BRADSHAW, GERKUS, GILBERT, GAVIN AND SIVAKUMAR Note that equation (12) takes a very similar form to the plane strain and axisymmetric solutions given in White et al. (2008) and Giampa et al. (2017) , respectively.
COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS
The generalised non-associated flow limit equilibrium model was used to predict the break-out factors for physical model tests on square, equilateral triangle and kite anchor shapes. For comparison, the Giampa et al. (2017) model was used to predict the break-out factors for the circular plates. As discussed previously, to avoid uncertainties with scale effects in the small-scale 1g anchor test data from the literature, only the data from this study and available centrifuge data were used in the comparisons. The ratio of Nγ predicted to Nγ measured is plotted against H/B ratio for all shapes in Fig. 9 .
For the circular plates, shown in Fig. 9(a) , the bias is close to unity for the shallow tests but increases almost linearly with increasing H/B ratio. The skew could come from a variety of sources, including errors associated with the model assumptions for either the slip surface shape or the normal stresses on the slip surface. Another explanation could be the progressive failure of the soil along the slip surface, as discussed by Rowe & Davis (1982) and Rokonuzzaman & Sakai (2012) . As the soil is loaded, the slip surface initially forms at the anchor location and propagates upwards toward the ground surface. In a dilative strain-softening soil, the shear stress may be at different points along the stress-strain curve. Therefore, at the peak pull-out load the shear stress on the slip surface, on average, may be lower than the peak resistance. This would result in an over-prediction in the model which assumes that the peak strength is mobilised simultaneously along the slip surface, and progressive failure would likely be more significant as the slip surface length (i.e. embedment ratio) increases.
For the remaining shapes (Figs 9(b) to 9(d)), the generalised equation for the break-out factor provides reasonable predictions. The model is most accurate at H/B ratios of 4 or less. The capacity is over-predicted by up to 40% in the tests with H/B = 5. It is presumed that the over-prediction in the deeper anchors is associated with a departure from the model assumptions as discussed above. The average bias of all anchor shapes is presented in Table 4 , suggesting that the analytical model predictions for H/B 4 were, on average, within 10% of the measured results.
The proposed analytical model thus provides some insight into the effects of shape on pull-out capacity. Shapes that maximise the size of the failure block as well as minimise the length of the sides (i.e. perimeter) of the shape will have the highest capacity. For example, the circular plate will have a higher capacity than a square plate with the same area. This is because, although the volume of the failure block is similar, the shallow slip surface formed in a circular plate is entirely under axisymmetric conditions. This results in higher normal EFFECT OF SHAPE ON PULL-OUT CAPACITY OF SHALLOW PLATE ANCHORS stresses on the slip planes as compared to plane strain conditions that dominate in the square shape.
SUMMARY AND CONCLUSIONS
The objective of this study was to investigate the effect of anchor shape on the pull-out capacity of shallow embedded horizontal plate anchors in sand under drained conditions. Twenty small-scale 1g physical model experiments were performed on circular, square, equilateral triangle and kite shapes to assess the effect on pull-out capacity. The experiments accounted for scale effects. A generalised closed-form non-associated flow limit equilibrium solution was derived for convex polygon shapes. The solutions were compared to the results obtained in the physical models.
The physical model results showed that the break-out factor was highest for the circular plate anchor and lowest for the square plate. The break-out factors of the circular anchors were up to twice as high as those for the square anchors at the same embedment ratio. The break-out factors for the equilateral triangle and kite anchors fell between those for the circular and square anchors. A comparison of the analytical and experimental results indicated that the analytical model was most accurate for H/B 4 with a bias that is within 10% on average. The model appears to capture the major components of resistance, including the weight of the failure 'block' and the shear resistance, which is influenced by the normal stress on the slip surfaces. Anchor capacity is highest in shapes (e.g. circle) that both maximise the volume of the failure block and have the largest proportions of curved failure surfaces that are under axisymmetric conditions. The results also suggest that the analytical modelling approach could be extended to shallow horizontal plate anchors having any convex polygon shape.
